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Abstract
The nonbaryonic dark matter of the Universe is assumed to con-
sist of new stable particles. Stable particle candidates for cosmological
dark matter are usually considered as neutral and weakly interacting.
However stable charged leptons and quarks can also exist hidden in
elusive dark atoms and can play a role of dark matter. Such possi-
bility is strongly restricted by the constraints on anomalous isotopes
of light elements that form positively charged heavy species with or-
dinary electrons. This problem might be avoided, if stable particles
with charge -2 exist and there are no stable particles with charges
+1 and -1. These conditions cannot be realized in supersymmetric
models, but can be satisfied in several alternative scenarios, which
are discussed in this paper. The excessive -2 charged particles are
bound with primordial helium in O-helium atoms, maintaining spe-
cific nuclear-interacting form of the dark matter. O-helium dark mat-
ter can provide solution for the puzzles of dark matter searches. The
successful development of composite dark matter scenarios appeals to
experimental search for doubly charged constituents of dark atoms.
Estimates of production cross section of such particles at LHC are
presented and discussed. Signatures of double charged particles in
the ATLAS experiment are outlined.
Keywords: elementary particles, dark matter, dark atoms, stable double
charged particles
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1 Introduction
The observation of exotic stable multi-charge objects would represent strik-
ing evidence for physics beyond the Standard Model. Cosmological argu-
ments put severe constraints on possible properties of such objects. Such
particles (see e.g. Ref. [1] for review and reference) should be stable, pro-
vide the measured dark matter density and be decoupled from plasma and
radiation at least before the beginning of matter dominated stage. The eas-
iest way to satisfy these conditions is to involve neutral elementary weakly
interacting massive particles (WIMPs). SUSY Models provide a list of pos-
sible WIMP candidates: neutralino, axino, gravitino etc., However it may
not be the only particle physics solution for the dark matter problem.
One of such alternative solutions is based on the existence of heavy
stable charged particles bound in neutral dark atoms. Dark atoms offer
an interesting possibility to solve the puzzles of dark matter searches. It
turns out that even stable electrically charged particles can exist hidden
in such atoms, bound by ordinary Coulomb interactions (see [1, 2, 3] and
references therein). Stable particles with charge -1 are excluded due to
overproduction of anomalous isotopes. However, there doesn’t appear such
an evident contradiction for negatively doubly charged particles.
There exist several types of particle models where heavy stable -2 charged
species, O−−, are predicted:
(a) AC-leptons, predicted as an extension of the Standard Model, based
on the approach of almost-commutative geometry [4, 5, 6, 7].
(b) Technileptons and anti-technibaryons in the framework of Walking
Technicolor (WTC) [8, 9, 10, 11, 12, 13, 14].
(c) stable ”heavy quark clusters” U¯ U¯ U¯ formed by anti-U quark of 4th
generation [4, 15, 16, 17, 18, 19]
(d) and, finally, stable charged clusters u¯5u¯5u¯5 of (anti)quarks u¯5 of 5th
family can follow from the approach, unifying spins and charges[20].
All these models also predict corresponding +2 charge particles. If these
positively charged particles remain free in the early Universe, they can
recombine with ordinary electrons in anomalous helium, which is strongly
constrained in terrestrial matter. Therefore a cosmological scenario should
provide a mechanism which suppresses anomalous helium. There are two
possible mechanisms than can provide a suppression:
(i) The abundance of anomalous helium in the Galaxy may be significant,
but in terrestrial matter a recombination mechanism could suppress
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this abundance below experimental upper limits [4, 6]. The existence
of a new U(1) gauge symmetry, causing new Coulomb-like long range
interactions between charged dark matter particles, is crucial for this
mechanism. This leads inevitably to the existence of dark radiation
in the form of hidden photons.
(ii) Free positively charged particles are already suppressed in the early
Universe and the abundance of anomalous helium in the Galaxy is
negligible [2, 16].
These two possibilities correspond to two different cosmological scenarios
of dark atoms. The first one is realized in the scenario with AC leptons,
forming neutral AC atoms [6]. The second assumes a charge asymmetry of
the O−− which forms the atom-like states with primordial helium [2, 16].
If new stable species belong to non-trivial representations of the SU(2)
electroweak group, sphaleron transitions at high temperatures can pro-
vide the relation between baryon asymmetry and excess of -2 charge stable
species, as it was demonstrated in the case of WTC [8, 21, 22, 23].
After it is formed in the Standard Big Bang Nucleosynthesis (BBN),
4He screens the O−− charged particles in composite (4He++O−−) OHe
“atoms” [16]. In all the models of OHe, O−− behaves either as a lepton
or as a specific “heavy quark cluster” with strongly suppressed hadronic
interactions. The cosmological scenario of the OHe Universe involves only
one parameter of new physics − the mass of O−−. Such a scenario is
insensitive to the properties of O−− (except for its mass), since the main
features of the OHe dark atoms are determined by their nuclear interacting
helium shell. In terrestrial matter such dark matter species are slowed down
and cannot cause significant nuclear recoil in the underground detectors,
making them elusive in direct WIMP search experiments (where detection is
based on nuclear recoil) such as CDMS, XENON100 and LUX. The positive
results of DAMA experiments (see [24] for review and references) can find in
this scenario a nontrivial explanation due to a low energy radiative capture
of OHe by intermediate mass nuclei [2, 1, 3]. This explains the negative
results of the XENON100 and LUX experiments. The rate of this capture
is proportional to the temperature: this leads to a suppression of this effect
in cryogenic detectors, such as CDMS.
OHe collisions in the central part of the Galaxy lead to OHe excitations,
and de-excitations with pair production in E0 transitions can explain the
excess of the positron-annihilation line, observed by INTEGRAL in the
galactic bulge [1, 3, 21, 27].
One should note that the nuclear physics of OHe is in the course of
development and its basic element for a successful and self-consistent OHe
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dark matter scenario is related to the existence of a dipole Coulomb bar-
rier, arising in the process of OHe-nucleus interaction and providing the
dominance of elastic collisions of OHe with nuclei. This problem is the
main open question of composite dark matter, which implies correct quan-
tum mechanical solution [28]. The lack of such a barrier and essential
contribution of inelastic OHe-nucleus processes seem to lead to inevitable
overproduction of anomalous isotopes [29].
Production of pairs of elementary stable doubly charged heavy leptons
is characterized by a number of distinct experimental signatures that would
provide effective search for them at the experiments at the LHC and test
the atom-like structure of the cosmological dark matter. Moreover, as-
trophysical consequences of composite dark matter model can reproduce
experimentally detected excess in positron annihilation line and high en-
ergy positron fraction in cosmic rays only if the mass of double charged X
particles is in the 1 TeV range (Section 2). We discuss confrontation of
these predictions and experimental data in Section 3. The current status
and expected progress in experimental searches for stable double charged
particles as constituents of composite dark matter are summarized in the
concluding Section 4.
2 Indirect effects of composite dark matter
The existence of such form of matter as O-helium should lead to a number
of astrophysical signatures, which can constrain or prove this hypothesis.
One of the signatures of O-helium can be a presence of an anomalous low
Z/A component in the cosmic ray flux. O-helium atoms that are present in
the Galaxy in the form of the dark matter can be destroyed in astrophysical
processes and free X can be accelerated as ordinary charged particles. O-
helium atoms can be ionized due to nuclear interaction with cosmic rays or
in the front of a shock wave in the Supernova explosions, where they were
effectively accumulated during star evolution [16]. If the mechanisms of X
acceleration are effective, the low Z/A component with charge 2 should be
present in cosmic rays at the level of FX/Fp ∼ 10−9m−1o [21], and might
be observed by PAMELA and AMS02 cosmic ray experiments. Here mo is
the mass of O-helium in TeV, FX and Fp are the fluxes of X and protons,
respectively.
2.1 Excess of positron annihilation line in the galactic bulge
Another signature of O-helium in the Galaxy is the excess of the positron
annihilation line in cosmic gamma radiation due to de-excitation of the O-
helium after its interaction in the interstellar space. If 2S level of O-helium
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is excited, its direct one-photon transition to the 1S ground state is for-
bidden and the de-excitation mainly goes through direct pair production.
In principle this mechanism of positron production can explain the excess
in positron annihilation line from the galactic bulge, measured by the IN-
TEGRAL experiment. Due to the large uncertainty of DM distribution in
the galactic bulge this interpretation of the INTEGRAL data is possible
in a wide range of masses of O-helium with the minimal required central
density of O-helium dark matter at mo = 1.25 TeV [25, 26]For the smaller
values of mo on needs larger central density to provide effective excitation
of O-helium in collisions Current analysis favors lowest values of central
dark matter density, making possible O-helium explanation for this excess
only for a narrow window around this minimal value (see Fig. 1)
Figure 1: Dark matter is subdominant in the central part of Galaxy. It
strongly suppresses it dynamical effect and causes large uncertainty in dark
matter density and velocity distribution. At this uncertainty one can ex-
plain the positron line excess, observed by INTERGRAL, for a wide range
of mo given by the curve with minimum at mo = 1.25 TeV. However, re-
cent analysis of possible dark matter distribution in the galactic bulge favor
minimal value of its central density.
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2.2 Composite dark matter solution for high energy positron
excess
In a two-component dark atom model, based on Walking Technicolor, a
sparse WIMP-like component of atom-like state, made of positive and neg-
ative doubly charged techniparticles, is present together with the dominant
OHe dark atom and the decays of doubly positive charged techniparticles to
pairs of same-sign leptons can explain the excess of high-energy cosmic-ray
positrons, found in PAMELA and AMS02 experiments [17]. This explana-
tion is possible for the mass of decaying +2 charged particle below 1 TeV
and depends on the branching ratios of leptonic channels (See Fig. 2).
Figure 2: Best fit high energy positron fluxes from decaying composite dark
matter in confrontation with the results of AMS02 experiment.
Since even pure lepton decay channels are inevitably accompanied by
gamma radiation the important constraint on this model follows from the
measurement of cosmic gamma ray background in FERMI/LAT experi-
ment. The multi-parameter analysis of decaying dark atom constituent
model determines the maximal model independent value of the mass of
decaying +2 charge particle, at which this explanation is possible
mo < 1TeV.
One should take into account that according to even in this range hypothesis
on decaying composite dark matter, distributed in the galactic halo, can
lead to gamma ray flux exceeding the measured by FERMI/LAT.
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Figure 3: Gamma ray flux accompanying the best fit high energy positron
fluxes from decaying composite dark matter reproducing the results of
AMS02 experiment, in confrontation with FERMI/LAT measurement of
gamma ray background.
2.3 Sensitivity of indirect effect of composite dark matter
to the mass of their double charged constituents
We see that indirect effects of composite dark matter strongly depend on
the mass of its double charged constituents.
To explain the excess of positron annihilation line in the galactic bulge
mass of double charged constituent of O-helium should be in a narrow
window around
mo = 1.25 TeV.
To explain the excess of high energy cosmic ray positrons by decays
of constituents of composite dark matter with charge +2 and to avoid
overproduction of gamma background, accompanying such decays, the mass
of such constituent should be in the range
mo < 1 TeV.
These predictions should be confronted with the experimental data on
the accelerator search for stable double charged particles.
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3 Searches for stable multi-charged particles
A new charged massive particle with electric charge 6= 1e would represent
a dramatic deviation from the predictions of the Standard Model, and such
a spectacular discovery would lead to fundamental insights and critical
theoretical developments. Searches for such kind of particles were carried
out in many cosmic ray and collider experiments (see for instance review
in [38]). Experimental search for double charged particles is of a special
interest because of important cosmological sequences discussed in previous
sections. In a tree approximation, such particles cannot decay to pair of
quarks due to electric charge conservation and only decays to the same sign
leptons are possible. The latter implies lepton number nonconservation,
being a profound signature of new physics. In general, it makes such states
sufficiently long-living in a cosmological scale.
Obviously, such experiments are limited to look only for the “long-
lived” particles, which do not decay within a detector, as opposed to truly
stable particles, which do not decay at all. Since the kinematics and cross
sections for double charged particle production processes cannot be reliably
predicted, search results at collider experiments are usually quoted as cross
section limits for a range of charges and masses for well-defined kinematic
models. In these experiments, the mass limit was set at the level of up to
100 GeV(see e.g. for review [38]).
The CDF experiment collaboration performed a search for long-lived
double charged Higgs bosons (H++, H−−) with 292 pb−1 of data collected
in pp¯ collisions at
√
s = 1.96 TeV [39]. The dominant production mode
considered was pp¯→ γ?/Z +X → H++H−− +X.
Background sources include jets fragmenting to high-pT tracks, Z → ee,
Z → µµ, and Z → ττ , where at least one τ decays hadronically. Number of
events expected from these backgrounds in the signal region was estimated
to be < 10−5 at 68% confidence level (CL).
Not a single event with a H++ or H−− was found in experimental data.
This allows to set cross-section limit shown in Fig. 4 as a horizontal solid
line. Next-to-leading order theoretical calculations of the cross-section for
pair production of H±± bosons for left-handed and right-handed couplings
are also shown in this figure. Comparison of expected and observed cross-
section limits gives the following mass constrains: 133 and 109 GeV on
the masses of long-lived H±±L and H
±±
R , respectively, at 95% CL as shown
in Fig. 4. In case of degenerate H±±L and H
±±
R bosons, the mass limit was
set to 146 GeV.
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with a flat prior for the signal cross section and Gaussian
priors for the uncertainties on acceptance, background, and
integrated luminosity (6%) [24]. The 95% C.L. upper limit
on the cross section (which varies from 39.7 fb at mH 
90 GeV=c2 to 32.6 fb at mH  160 GeV=c2, see Fig. 2)
is converted into an H mass limit by comparing to the
theoretical p p! =Z X ! HH  X cross sec-
tion at next-to-leading order [25] using the CTEQ6 [22] set
of PDFs. We include uncertainties in the theoretical cross
sections due to PDFs (5%) [22] and higher-order QCD
corrections (7.5%) [25] in the extraction of the mass limit,
for a total systematic uncertainty of 14%. The theoretical
cross sections are computed separately for HL and HR
bosons that couple to left- and right-handed particles,
respectively. When only one of these states is accessible,
we exclude the long-lived HL boson below a mass of
133 GeV=c2 and the long-lived HR boson below a mass
of 109 GeV=c2, both at the 95% C.L. When the two states
are degenerate in mass, we exclude mH < 146 GeV=c2
at the 95% C.L.
In conclusion, we have searched for long-lived doubly
charged particles using their signatures of high ionization
and muonlike penetration. No evidence is found for pair-
production of such particles, and we set the individual
lower limits of 133 GeV=c2 and 109 GeV=c2, respec-
tively, on the masses of long-lived HL and HR bosons.
The mass limit for the case of degenerate HL and HR
bosons is 146 GeV=c2.
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FIG. 2. The comparison of the experimental cross section
upper limit with the theoretical next-to-leading order cross
section [25] for pair production of H bosons. The theoretical
cross sections are computed separately for bosons with left-
handed (HL ) and right-handed (HR ) couplings, and summed
for the case that their masses are degenerate.
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Figure 4: The comparison of the experimental cross section upper limit
with the theoretical next-to-leading order cross section for pair production
of H±± bosons. The theoretical cross sections are computed separately for
bosons with left-handed (H±±L ) and right-handed (H
±±
R ) couplings, and
summed for the case that their masses are degenerate, [39].
3.1 Searches at Large Hadron Collider
Significant increase of beam energy at the Large Hadron Collider (LHC)
opens a new era in the high energy physics and allows accessing uncharted
territories of particle masses. In this section the results of searches for
the multi-charged particles, performed by the ATLAS and the CMS collab-
orations at LHC, will be described.
Calculations of the cross sections assume that these particles are gen-
erated as new massive spin-1/2 ones, neutral under SU(3)C and SU(2)L.
3.1.1 ATLAS experiment at LHC
In Run 1 (2010–2012), the ATLAS [40] collaboration at LHC performed
two searches for long-lived multi-charged particles, including the double
charged particles: one search with 4.4 fb−1 of data collected in pp collisions
at
√
s = 7 TeV [41], and another one with 20.3 fb−1 collected at
√
s =
8 TeV [42].
Both these searches feature particles with large transverse momentum
values, traversing the entire ATLAS detector. An energy loss of a double
charged particle is by a factor of q2 = 4 higher than that of single charged
particle. Such particles will leave a very characteristic signature of high
ionization in the detector. More specifically, the searches look for parti-
cles with anomalously high ionization on their tracks in three independent
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detector subsystems: silicon pixel detector (Pixel) and transition radiation
tracker (TRT) in the ATLAS inner detector, and monitoring drift tubes
(MDT) in the muon system.
The estimate of the expected background originating from the SM pro-
cesses and providing input into the signal region D was calculated to be
0.013± 0.002(stat.)± 0.003(syst.) events.
In order to define cross section, a reconstruction efficiency of signal par-
ticles has to be known. This value is defined as a fraction of simulated
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Figure 5: The signal efficiencies for different masses and charges of
the multi-charged particles for the DY production model. Double charged
particles are denoted as “z = 2” (red points and line). The picture is taken
from [42].
events with at least one multi-charged particle satisfying all of the afore-
mentioned criteria over the number of all generated events. In other words,
it is a search sensitivity to find a hypothetical particle with the ATLAS
experiment. These values are shown in Fig. 5 for each considered signal
sample containing particles with charges from 2 to 6.
No events with double charged particles were found in neither 2011
or 2012 experimental data sets, setting the lower mass limits to 430 and
660 GeV, respectively, at 95% CL. The comparison of observed cross-
section upper limits and theoretically predicted cross-sections is shown in
Fig. 6.
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3.1.2 CMS experiment at LHC
In parallel to the ATLAS experiment, the CMS [43] collaboration at LHC
performed a search for double charged particles, using 5.0 fb−1 of data
collected in pp collisions at
√
s = 7 TeV and 18.8 fb−1 collected at
√
s =
8 TeV [44].
The search features particles with high ionization along their tracks in
the inner silicon pixel and strip tracker. Tracks with specific ionization
Ih > 3 MeV/cm were selected. The muon system was used to measure
the time-of-flight values. Tracks with 1/β > 1.2 were considered.
For the part of the search based on the
√
s = 7 TeV data, the number
of events in the signal region, expected from SM processes, was estimated
to be 0.15±0.04, whereas for the √s = 8 TeV part it was 0.52±0.11 events.
The uncertainties include both statistical and systematical contributions.
0 and 1 events were observed in the signal regions for the 7 and 8 TeV
analyses, respectively, which is consistent with the predicted event rate.
Comparison between observed upper cross section limits and theoreti-
cally predicted cross section values for the 8 TeV is shown in Fig. 7.
For the 8 TeV search, the mass limit of 665 GeV was obtained. This
result (within uncertainties) is very close to the ATLAS limit of 660 GeV
for the 8 TeV data set. Also, CMS treated the results obtained at 7 and
11
Figure 7: Observed 95% CL cross-section upper limits and theoretical cross-
sections as functions of the multi-charged particles mass in CMS search at
the
√
s = 8 TeV. The double charged particles are denoted as “|Q| = 2e”.
The picture is taken from [44].
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8 TeV as combined. This allowed to push the lower mass limit to 685 GeV
at 95% CL. A combination of the results of two experiments for 8 TeV
would mean an increase of statistics by a factor of 2. Having said that, one
can conclude that the mass limit based on the results of both experiment
for double charged particles can be set at the level of about 730 GeV.
3.1.3 What one expects from LHC Run 2
Considering a recent CMS Physics Analysis Summary [45] and an ATLAS
paper in preparation, both on the searches for double charged particles in
data delivered by LHC to these experiments in 2015–2016, we may conclude
that each of these two experiments will be able to set a lower mass limit
on the double charged particles at m = 1000± 50 GeV. Going further and
considering the data taking periods of ATLAS and CMS until the end of
Run 2 (end of 2018), we can estimate a low limit on the double charged
particles mass corresponding to the Run 2 data set. Several assumptions
are made in these speculations:
• by the end of 2018, ATLAS and CMS will each record about 120 fb−1
of
√
s = 13 TeV data;
• signal efficiency will remain at a present level in both experiments,
without being compromised by high detector occupancy or any other
effects;
• no double charged particle candidates will be in observed in the first
place.
Considering all of the above, the ATLAS and CMS collaborations may
each be expected to set the lower mass limits at the level of 1.2 TeV based
on their analyses of the entire 13 TeV data set. If these two experiments
combined their independently gathered statistics together for this kind of
search, the limits would go as high as up to 1.3 TeV.
4 Conclusions
The existence of heavy stable neutral particles is one of the popular solu-
tions for the dark matter problem. However, DM considered to be electri-
cally neutral, potentially can be formed by stable heavy charged particles
bound in neutral atom-like states by Coulomb attraction. Analysis of the
cosmological data and atomic composition of the Universe gives the con-
strains on the particle charge showing that only -2 charged constituents,
being trapped by primordial helium in neutral O-helium states, can avoid
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the problem of overproduction of the anomalous isotopes of chemical ele-
ments, which are severely constrained by observations. Cosmological model
of O-helium dark matter can even explain puzzles of direct dark matter
searches.
Stable charge -2 states (X−−) can be elementary like AC-leptons or
technileptons, or look like technibaryons. The latter, composed of techni-
quarks, reveal their structure at much higher energy scale and should be
produced at colliders and accelerators as elementary species. They can also
be composite like “heavy quark clusters” U¯ U¯ U¯ formed by anti-U quark in
one of the models of fourth generation [16] or u¯5u¯5u¯5 of (anti)quarks u¯5 of
stable 5th family in the approach [20].
In the context of composite dark matter scenario accelerator search for
stable doubly charged leptons acquires the meaning of direct critical test
for existence of charged constituents of cosmological dark matter.
The signature for AC leptons and techniparticles is unique and distinc-
tive what allows to separate them from other hypothetical exotic particles.
Composite dark matter models can explain observed excess of high energy
positrons and gamma radiation in positron annihilation line at the masses
of X−− in the range of 1 TeV, it makes search for double charged particles
in this range direct experimental test for these predictions of composite
dark matter models.
Test for composite X−− can be only indirect: through the search for
heavy hadrons, composed of single U or U¯ and light quarks (similar to
R-hadrons).
The ATLAS and CMS collaborations at the Large Hadron Collider are
searching for the double charged particles since 2011. The most stringent
results achieved so far exclude the existence of such particles up to their
mass of 680 GeV. This value was obtained by both ATLAS and CMS
collaborations independently. It is expected that if these two collaborations
combine their independently gathered statistics of LHC Run 2 (2015–2018),
the lower mass limit of double charged particles could reach the level of
about 1.3 TeV.
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